This study used a rat model in which pregnancy was surgically restricted to one uterine horn to differentiate between local (fetoplacental) and systemic (endocrine) influences on uterine vascular remodeling during pregnancy. Sprague-Dawley rats with single-horn pregnancies were studied on day 20/22 of gestation and compared to age-matched nonpregnant and late-pregnant controls. The morphology (axial length, lumen diameter, wall thickness) of the main uterine artery and of smaller arcuate vessels showed that vascular growth was dramatically increased in the pregnant versus nonpregnant horn, (P < .05). Arcuate artery wall thickness increased in the nonpregnant horn (compared to nonpregnant controls, P < .05), suggesting a limited role for systemic hormonal influences on vascular remodeling. Notably, animals with only one functional horn compensated by increasing the average number of implantation sites per horn from 7.6 to 12.9, thereby maintaining essentially normal litter size without any reduction in fetal or placental weights. These results demonstrate unequivocally that local rather than systemic influences play the dominant role in uterine vascular gestational remodeling of both large and small uterine arteries, and reveal a significant adaptive process that maintains relatively normal fecundity in spite of surgical restriction of normal bilateral pregnancy.
INTRODUCTION
The uterine vasculature undergoes considerable growth and remodeling during pregnancy. This, in turn, leads to the substantial increases in uterine blood flow that are characteristic of mammalian gestation. [1] [2] [3] [4] [5] [6] As uterine vessels become larger and more distensible, the process of remodeling involves changes in cell division and size, and in the composition of the intercellular matrix. 1, 3, 5, [7] [8] [9] [10] The mechanisms responsible most likely involve a combination of physical and molecular signals. For example, intravascular pressure and shear stress each produce distinct effects on vascular structure, as do steroid hormones-particularly C18 and C19 sex steroids. 11, 12 At this time, however, the molecular signals that mediate and coordinate the process of remodeling during pregnancy have not been described, and the physiological pathways through which changes are effected are not known.
The purpose of this study was to differentiate the effects of local versus systemic factors in mediating the process of uterine artery growth and remodeling. Understanding this would be helpful in identifying the underlying mechanisms of vascular remodeling in pregnancy. For example, signals emanating from the placentation site, the myometrium (possibly due to myometrial stretch), and the fetus may play a primary role in remodeling if changes were found to be highly local. Conversely, more generalized vascular changes would favor the importance of humoral pathways in which the altered milieu of pregnancy (increased concentrations of hormones and growth factors) stimulates the process of remodeling.
To approach the question of local versus systemic influences, we used surgically modified rats with single uterine horn pregnancies to evaluate the hypothesis that structural modifications to the uterine vasculature are primarily influenced by local, rather than systemic, factors and will therefore be confined to uterine horns containing products of conception (placentas and fetuses). Corollary hypotheses were that (1) vascular changes in the main uterine and arcuate arteries of the uterus will be quantitatively related to litter size; (2) the degree of adaptation may vary in large versus small vessels; and (3) the hormonal milieu of pregnancy is not responsible for the observed changes, and will thus have a minimal effect on uterine vascular structure in the nonpregnant (nonimplanted) horn. Age-matched nonpregnant and late-pregnant animals were included to provide external control values and to evaluate whether any physiological compensatory processes are associated with the restriction of placentation.
The results show that structural changes in the uterine vasculature are primarily mediated by local mechanisms associated with implantation sites, and that the contribution of the altered systemic endocrine milieu in the structural adaptation of the uterine circulation is relatively minor, although not entirely without influence, particularly in the smaller resistance vessels within the mesometrium. Single-horn pregnant animals also demonstrated a remarkable increase in the average number of implantation sites in the pregnant horn that approached the total number of fetuses present in control pregnant animals, thereby revealing a biological adaptive response that protects fecundity, and occurs without any evidence of reduced fetal or placental growth, hemodynamic insufficiency, or pathologic consequence.
MATERIALS AND METHODS

Animals
Female Sprague-Dawley rats were obtained from Charles River Laboratories (Kingston, NY and Wilmington, MA). They were singly housed at the Animal Care Facility at the University of Vermont, which is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, International. Feed and water were provided ad libitum. Single-horn and late-pregnant rats were used on day 20 of pregnancy at 13 to 17 weeks of age. Prior to necropsy or tissue harvesting, animals were euthanized with Nembutal (pentobarbital sodium, 50 mg/mL, Ovation Pharmaceuticals, Deerfield, IL) with a 0.8 mL intraperitoneal injection, followed by decapitation in a small animal guillotine. All experiments and procedures were approved by the Institutional Animal Care and Use Committee at the University of Vermont.
Chemicals
All chemicals were purchased from Fisher Scientific (Fair Lawn, NJ) unless otherwise specified. The composition of the isotonic buffer was 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES; 10 mM), NaCl (141.8 mmol/L), KCl (4.7 mmol/L), CaCl 2 (2.8 mmol/ L), MgSO 4 (1.7 mmol/L), KH 2 PO 4 (1.2 mmol/L), Na 2 -ethylenediaminetetraacetic acid (EDTA; 0.5 mmol/L), and dextrose (5 mmol/L). The pH was adjusted to 7.40 at 37.0 C by adding 10 M NaOH (Mallinckrodt Baker, Paris, KY). Relaxing solution prepared in HEPES buffer contained 100 mM papavarine (Sigma, St. Louis, MO).
Rats with Unilateral Uterine Horn Ligation Surgery
Twenty-nine virgin female rats had one-sided uterine horn ligation surgery, accomplished by tying off the ovarian end with nonresorbable suture at 8 weeks of age by Charles River Laboratories. Animals were received at our facility at 9 weeks of age with staples approximating a cranial-caudal incision in the right flank. Staples were removed 7 days postop and the rats were acclimated for at least 1 week before breeding.
Single-horn Pregnant Rats
At 10 to 14 weeks of age, ligated rats were bred overnight in isolated pairs using metabolic cages at the University of Vermont. If a seminal plug was observed the following morning, that day was designated day 1 of pregnancy. Pregnancy was confirmed by observation and/or palpation on days 11 to 16 by veterinary technicians. Postmortem evaluation confirmed an empty right uterine horn and a silk ligature in the upper portion of the oviduct.
Control Animals
Twenty-eight age-matched timed pregnant primigravid and 25 nonpregnant virgin cycling rats were purchased from Charles River Laboratories to be used as late-pregnant and nonpregnant controls, respectively. For the pregnant rats, veterinary technicians confirmed that the timing of overnight breeding and gestational age assignment were identical to that described above.
Measures of Reproductive Performance
Not all measurements could be performed on all animals; hence, subgroups of animals were used as indicated. To evaluate fecundity and rate of resorption, fetuses were counted in each horn, noting any resorption sites (to calculate the number of degenerated fetuses per litter). Each fetus and placenta was carefully dissected away from the uterus and weighed without membranes and umbilical cords.
Main Uterine Artery and Mesometrial Arcade Measurements
Immediately after animal kill, the uterus and its vasculature was removed en bloc and positioned with pins in a silicone-coated Petri dish containing isotonic buffer to expose the course of the main uterine artery. Care was taken to not stretch or compress the uterus and its vasculature during the pinning procedure. The length of the main uterine artery was measured along its curvature from the cervix to the ovarian end of the uterine horn using a flexible ruler (mm). The main uterine artery internal (lumen) diameter and vascular wall thickness were measured with a stereomicroscope (Zeiss, Germany) using a calibrated reticule while the vessel was bathed in a relaxing solution containing 100 mM papavarine at room temperature to insure full relaxation. Main uterine artery wall cross-sectional area was calculated by subtracting the area of a circle (r 2 ) defined by the lumen from that defined by the outer diameter of each vessel. Segmental artery length was determined at the midpoint of the uterine horn by measuring the distance from the main uterine artery to the nearest edge of the uterine corpus. This represents the length of the mesometrial arcade, which includes arcuate and radial arteries. Mesometrial arcade area was calculated as the product of main uterine and segmental artery lengths.
Arcuate Artery Preparation
Arcuate arteries in the uterine horns were dissected free of connective tissue and placed in relaxing solution (100 mM papaverine) at 4 C. Vessels were cannulated with buffer-filled, hollow, pulled-glass pipettes at room temperature in a custom-built arteriograph. Intralumenal pressure was measured and maintained with a pressure servo system (Living Systems Instrumentation, Burlington, VT) with an in-line transducer that was calibrated before each experiment. A thermostat controlled the superfusate temperature flowing through the vessel chamber of the arteriograph. After vessels were cannulated, they were rinsed free of any residual blood ( 10 mm Hg) and then maintained at 37.0 C + 0.2 C and 10 mm Hg for 30 minutes, followed by a 15-to 45-min equilibration at 50 mm Hg. Transmural pressure was then reduced to 5 mm Hg, the lowest pressure at which all vessels were consistently open, with a visible lumen (opening pressures ranged from 2 to 4 mm Hg) to allow accurate measurement of inner diameter and wall thickness in a minimally stressed state, thereby allowing comparison of small artery dimensional changes with those measured in the main uterine artery.
Measurement of Dimensional Changes in Arcuate Arteries
Arcuate artery size measurements were obtained using an inverted microscope (Nikon TMS, MVI, Avon, MA) with a calibrated CCD camera (Sony XC-73). Vessel measurements were recorded in real time using a video dimension analyzer (Living Systems Instrumentation, Burlington, VT) and by postacquisition processing of digitally recorded film clips (Audio Video Interleave [AVI] format) or extracted CCD regions-of-interest. Arcuate artery inner diameter and wall thickness were measured, and wall cross-sectional area was calculated using the same formulas used for the main uterine artery. Data acquisition and experimental control used National Instruments' (Austin, TX) LabVIEW software and hardware (PCI-6221 16-bit DAC/ADC card and PCI-1405 analog frame grabber) with a Windows-based platform (Microsoft Corp, Redmond, WA).
Vascular Corrosion Casting
Three single-horn pregnant animals were used to make latex casts of the uterine arterial vasculature. Following anesthesia, a lateral incision was made in the right thoracic wall to access the thoracic aorta, which was transected and cannulated with a small gavage needle attached to a 20-mL syringe filled with Batson's #17 casting compound, a latex solution that polymerizes and hardens over a period of 20 to 40 minutes. After securing the gavage needle within the aorta with suture, about 10 mL of freshly prepared Batson's #17 casting compound was injected into the circulation. The uterus was removed from the abdominal cavity and placed into a large Petri dish filled with saline buffer, and photographed with a digital camera. The tissues were then placed in concentrated (1 N) potassium hydroxide (KOH) and allowed to stand at room temperature to digest organic matter. Corrosion casts of the vasculature were then carefully cleaned of debris by trituration with a Pasteur pipette, reimmersed in distilled water and rephotographed.
Experimental Design and Statistical Analysis
Vessel remodeling was evaluated by comparing measurements of unstressed vessel length, inner diameter, wall thickness, and the calculated values of wall crosssectional area. Vessel length and cross-sectional area were used as the primary measures of hypertrophic remodeling, while changes in inner diameter and wall thickness were interpreted as general markers of circumferential expansive structural remodeling. Unstressed measurements were preferable to avoid differences arising from changes in biomechanical properties of the vessel wall (eg, elasticity) that may lead to an erroneous assessment of remodeling.
Statistical analysis used SigmaPlot with integrated SigmaStat (Systat Software, Inc, San Jose, CA) software, with preliminary analysis and verification from Microsoft Office Excel 2000 and LabVIEW. Data were represented as mean + standard error and were not considered statistically different unless P < .05 with 2-tailed tests (a ¼ .05). One-way analyses of variance (ANOVA) with Holm-Sidak or Tukey pairwise comparisons were used to compare differences between treatment means and, if data did not meet normality testing, Mann-Whitney rank sum tests and Kruskal-Wallis 1-way ANOVA on ranks with Dunn's method for pairwise comparisons were used. Data from single-horn pregnant animals were analyzed using paired t tests to determine differences between the implanted and nonimplanted horns in individual animals. Based on consultation with a statistician, to preserve independence of variance, data were segregated to allow comparisons with those of control animals; that is, values from the pregnant horn in single-horn pregnant animals were compared to those from late-pregnant and nonpregnant controls; similarly, values from the nonpregnant horn were compared to late-pregnant and nonpregnant controls using ANOVA. Measured properties were studied in relation to litter size or main uterine artery length in the singlehorn pregnant rats (pregnant versus nonpregnant horn) using correlation statistics and linear regression methods.
In comparisons of treatment means from multiple (>2) groups, statistically significant differences between treatment means are denoted by different superscripted letters (eg, ''a'' is different from ''b,'' while ''bc'' is different from ''a,'' but not different from ''b'' or ''c,'').
RESULTS
Maternal and Fetal Data
Although total litter size was reduced, on average, by 2.3 pups in the single-horn pregnant rats compared to late-pregnant controls (P < .01; Table 1 ), the average number of fetuses per uterine horn increased by approximately 5 pups relative to that of late-pregnant rats (from *8 to *13 pups). Thus, significant biological compensation occurred within the uterus to preserve a relatively normal fecundity in spite of the unavailability of implantation in one horn. Furthermore, fetal weight was significantly increased in single-horn pregnant versus late-pregnant animals by 13.5% (P ¼ .01), on average, while placental mass increased 8.5% (P ¼ .006). The rates of fetal reabsorption, expressed as the number of 
Effects of Gestation and Surgical Restriction of Placentation on the Remodeling of the Main Uterine Artery and on Mesometrial Arcade Area
During pregnancy, the unstressed length of the main uterine artery increased 90% in late-pregnant animals, with even greater lengthening observed (151%) in the pregnant horn of single-horn pregnant rats ( Figure 1A ), most likely due to the increased number of implantation sites. Regression analysis of main uterine artery length versus fetal number yielded a significant positive correlation with a coefficient of determination (r 2 ) value of . 25 . The actual pattern ( Figure 1B) was one of increased length as the number of pups increased from 9 to 12, with little additional elongation thereafter. Partitioning the data confirms this perception in terms of the r 2 values: for 9 to 12 pups, r 2 ¼ .56, significant and positive; conversely, r 2 ¼ .07 (essentially no correlation) for litter sizes ! 13 pups isolated to a single uterine horn. By comparison, in late-pregnant controls, with generally <10 pups per horn, r 2 ¼ .76 (data not shown), underscoring the relationship between arterial lengthening and the number of implantation sites. By definition, the coefficient of determination indicates the extent to which variability in the independent variable is attributable to the dependent variable (eg, in late-pregnant animals, 76% of the variability in main uterine artery length can be attributed to the number of fetuses present in the horn). Pregnancy induced significant expansive (circumferential) remodeling of the uterine vasculature in late-pregnant versus nonpregnant animals, with a comparable effect observed in the pregnant versus nonpregnant horn of single-horn pregnant animals (Figure 2A ). Although wall thickness was unchanged, vessel growth resulted in a significantly increased cross-sectional area in late-pregnant versus nonpregnant and the pregnant versus nonpregnant horn of single-horn pregnant animals ( Table 2 ). The circumferential pattern of large uterine artery remodeling was therefore outward hypertrophic and, if one factors in the considerable increase in vessel length, the increase in total main uterine artery wall mass was on the order of 330% in late-pregnant versus nonpregnant rats, and 400% in the pregnant versus nonpregnant horn of single-horn pregnant animals.
Effects of Gestation and Surgical Restriction of Placentation on Mesometrial Arcade Area and Remodeling of Arcuate Arteries in an Unstressed State
Segmental artery length was increased to a comparable extent (*3.2Â) in control late-pregnant versus nonpregnant animals, and in the pregnant versus nonpregnant horn of single-horn pregnant animals (*3.1x; Figure 3A ). Not surprisingly, regression analysis showed little or no relationship between segmental artery length and number of pups (r 2 ¼ .01, data not shown). This most likely reflects the development of local hemodynamic ''units'' associated with each placentation site rather than an overarching effect of the total number of implantation sites.
In view of the increase in main uterine and segmental artery lengths, the area of the mesometrial arcade increased approximately 630% during pregnancy in late-pregnant versus nonpregnant rats and 800% in the pregnant versus nonpregnant horn of single-horn pregnant animals ( Figure 3B ).
Circumferential growth of smaller arcuate arteries during pregnancy was evident by the significant increase in arcuate artery lumen diameters in both late-pregnant animals and the pregnant horn of single-horn pregnant animals (40 vs. 46%, on average, relative to nonpregnant animals and nonpregnant horns, respectively; Figure 2B ).
As shown in Table 3 , increases in wall thickness were also evident in late-pregnant versus nonpregnant animals, and in vessels from the pregnant versus nonpregnant horn. This, combined with lumenal enlargement, produced a significant increase in cross-sectional area in the latepregnant controls and pregnant horn of the single-horn pregnant animals. Moreover, wall thickness was also increased in vessels from the nonpregnant horn relative to nonpregnant controls, suggesting that systemic endocrine changes during gestation may influence wall hypertrophy. Based on the measurements, the circumferential pattern of arcuate artery remodeling during pregnancy was therefore also expansive hypertrophic.
Visual Representation of the Changes in the Uterus and its Vasculature in the Single-horn Pregnant Model
Although changes in large versus small uterine artery structure and biomechanical properties are detailed above, visual examination of the uteri from these animals confirms the primary finding of this study-that local rather than systemic factors are predominant in uterine vascular remodeling. A photograph of a uterus from one single-horn pregnant rat is shown in Figure 4A as evidence of the considerable differences in the vasculature between the pregnant and nonpregnant horns (although most of the visible vessels are veins). Hence, several animals had systemic arterial infusion of latex (casting) to facilitate selective visualization of the arterial vasculature. Figure 4B shows the uterus in Figure 4A following latex infusion and digestion of tissues. The architecture of the mesometrial arterial arcade is clearly visible, as are the intraplacental labyrinthine vessels typical of hemochorial placentation in the rodent. The extent of remodeling, and of the differences between the pregnant and nonpregnant horns are clearly evident (although it is the increase in length that is primarily discerned) showing the highly localized nature of this process in association with implantation, placentation, and fetal development.
DISCUSSION
The primary findings of this study are that (1) Outward hypertrophic remodeling of the uterine vasculature during pregnancy, particularly of the main uterine artery, is predominantly influenced by local, rather than systemic pregnancy factors. Based on the nonpregnant horn data, systemic influences are also manifest in the significant increase in arcuate artery wall thickness, without any increase in inner diameter or segmental artery length; (2) The number of implantation sites is a major influence on the extent of elongation of the main uterine artery, although once fetal number exceeds 12 pups, no further elongation occurs; (3) Restriction of placentation to one uterine horn results in a compensatory adaptive process such that the number of implantation sites approaches (but does not quite match) the fecundity of a normal pregnant animal with two functional uterine horns. Each of these findings is considered below, along with a brief discussion of the single-horn pregnant model and overall study design.
Local Influences on Circumferential Vascular Remodeling
The most plausible explanation for these findings is that uterine arterial circumferential growth and remodeling is regulated by a combination of physical and molecular signals derived from the fetoplacental unit and/or the myometrium. The process of hemochorial placentation is characterized by an ablation of the microcirculation, and trophoblast invasion of maternal spiral arteries. By reducing distal uterine vascular resistance, these processes will increase flow and, hence, shear stress in upstream vessels. 13 Several elegant studies have demonstrated that increased shear results in expansive arterial remodeling that, in turn, acts to normalize this force, which is-by definition-inversely related to lumen diameter. [14] [15] [16] The results of one study on carotid arteries showed that this process of arterial remodeling in response to altered shear stress is mediated by the endothelium, because denudation in vivo (with a catheter) prevented its occurrence. 15 Although the actual molecules involved have not been identified, nitric oxide is a plausible mediator because it is involved in both arterial dilation and circumferential remodeling. [17] [18] [19] In addition to the hemodynamic effects of placentation, it is conceivable that dilation of intramyometrial vessels due to paracrine influences from the fetoplacental unit, or from altered circulating hormonal concentrations, may also decrease downstream resistance and contribute to increasing flow and shear stress in the upstream arcuate arteries used in this study.
The second pathway by which the enlargement of arteries proximal to the placenta and myometrium may occur is via secretion of vasodilatory and growth-promoting signals into the venous blood. A number of molecules produced by myometrial and trophoblast cells, such as vascular endothelial growth factor (VEGF) and placenta growth factor (PlGF), are known to be potent vasodilators, and can lead to both angiogenesis and the enlargement of existing vessels. 20 Sex steroids such as estrogens may contribute as well, although in rodents, the primary source of estrogen during pregnancy is the ovary and not the placenta, as in women. 12, 21, 22 This, however, creates the dilemma of how efferent intravenous signals can influence the behavior and growth of the afferent arterial vessels and, if the mechanism were endocrine in nature, one would predict enlargement of the uterine vasculature in both the implanted and nonimplanted horns. Our results clearly show this not to be the case, because both axial and expansive circumferential arterial growth was significantly restricted to the implanted horn, thereby confirming the working hypothesis underlying this study.
The absence of evidence in support of a primary endocrine pathway leads to the possibility that signal transfer across the venous wall (venoarterial exchange) is the mechanism by which arterial tone and structure can be influenced by the fetoplacental unit. Its plausibility is supported by the proximal and parallel arrangement of uterine arteries and veins, and the fact that vessels are bundled within vascular sheaths-an anatomical pattern that has been described in a number of species, including humans. 23 From a physiological standpoint, the credibility of venoarterial signal transfer is also strengthened by experimental evidence showing that physiologically meaningful countercurrent or other local vascular exchange mechanisms exist in the uterus, and play a critical role in mediating other reproductive processes such as luteolysis. [23] [24] [25] [26] [27] Several related studies from our laboratory have shown that molecules as large as 70 kd pass across the uterine venous wall, and that this process is augmented in pregnancy due to the increased wall tension present in the enlarged veins. 28 Moreover, this process can be amplified considerably by intravenous VEGF, and is therefore subject to regulation. 29 Future studies will address this issue of pathway further, and at this point its involvement still remains hypothetical with regard to the circumferential remodeling of uterine artery in vivo.
Systemic Influences on Arterial Remodeling
The significant (>30%) increase in wall thickness observed in arcuate arteries in the nonpregnant horn (vs. nonpregnant controls) supports a systemic (endocrine) influence on the structure of the arterial wall during pregnancy, although its effect on blood flow is likely to be limited because neither vessel enlargement nor elongation occurred. Although the signals responsible have not been identified, a number of candidate molecules with documented hypertrophic effects on vascular smooth muscle (eg, angiotensin, progesterone) may play a contributory role via direct or indirect (endothelial) effects. Sex steroids, particularly estrogens, have been shown to cause significant uterine vascular growth in several species of rodents. For example, exogenous estradiol and estrus states in guinea pigs increased uterine small artery diameter by 30% to 40%, although it is not clear whether this is due to vasodilation or true growth. 11 Estrogen also increased the size of ovarian and uterine veins, and of the uterine corpus in nonpregnant mice compared to controls. 12, 30 Pseudopregnancy-a condition in which endocrine changes similar to those of early pregnancy occur in response to sexual stimulation without mating in species with induced ovulation (rodents)-is associated with significant uterine artery growth in the murine model similar to that of early pregnancy, although the extent of remodeling, relative to that observed at term, was relatively minor. 22 Unfortunately, changes in wall thickness were not measured in any of the studies cited earlier, precluding direct comparison with our findings.
Axial Elongation of Uterine Arteries During Pregnancy
This and other studies 5 have documented the significant axial elongation of small and large uterine arteries (and in veins) during gestation. The mechanisms underlying this process are not known, but likely relate to the stretch of the uterus that is required to accommodate the growing fetoplacental units. Our data show a fairly strong positive correlation between the number of implantation sites and main uterine artery length up to 12 fetuses, with little additional elongation thereafter. One possible explanation is that the adaptive process reaches its limits, because normal fecundity is dependent on two uterine horns. If this is the case, we could find no evidence of any reduction in uteroplacental perfusion because both placental and fetal weights were similar to or greater than those of control animals. Alternatively, it is worth noting that though the main uterine artery is almost perfectly straight in the nonpregnant state, it acquires a curvature as it elongates during pregnancy so that the smaller mesometrial arcade vessels (as well as the uterus itself) take on a 3-dimensional, fan-like arrangement that reduces the need for main uterine artery axial elongation. Finally, while uterine stretch being the stimulus for arterial elongation seems intuitively reasonable, the question of how signals present in the venous blood (or, possibly, the lymph) draining the myometrium stimulate the growth of afferent arterial vessels remains, and brings venoarterial exchange to mind once more.
Consideration of the Single-horn Pregnant Model
The single-horn pregnant animal model has been used by several investigators to explore a variety of pregnancyrelated questions. For example, uterine horn occupancy and its relationship to litter size have been investigated in swine. 31, 32 Using term rabbits, Whitney et al showed that blood flow to the pregnant horn of the uterus was increased compared to the nonpregnant horn and to nonpregnant controls in a litter-size dependent manner. 6 They proposed that observed increases in uterine blood flow during pregnancy were likely under local rather than systemic control, and posited that prostaglandins may be involved. In another study with mice, uterine vein size increased in the pregnant horn, but that of the nonpregnant horn was unchanged compared to nonpregnant controls. 2 To our knowledge, this is the first study to specifically address arterial remodeling using this model, and to establish local influences to be predominant in large and small uterine arterial circumferential and axial remodeling.
The model has also been used to explore the physiology of the nonpregnant horn. For example, Thorbert et al observed that the guinea pig nonpregnant horn had a 2-to 3-fold increase in uterine mass 33 in single-horn pregnant animals. In Wistar rats, several proteins were shown to be differentially expressed in the nonpregnant horn; whereas 11b-hydroxysteroid dehydrogenase (11b-HSD) and 11-oxoreductase were expressed in pregnant horn, type 1 11b-HSD was upregulated by systemic factors in the nonpregnant horn. 34 
Study Design and Limitations
The experimental design of this study allowed the morphology of the uterine vasculature to be evaluated for the (1) local influences of the fetoplacental unit in the pregnant animal, and (2) quantitative relationship between measures of structural morphology and the number of fetuses in individual uterine horns. The pregnant and nonpregnant nonsurgical control groups provided verification and extension of prior literature on specific aspects of uterine artery structural remodeling in pregnancy. The experimental results are unambiguous and provide a definitive answer to the main and corollary hypotheses stated in the Introduction.
Nevertheless, several limitations deserve consideration. First, surgery could have confounded data collected from single-horn pregnant animals and/or may have altered the rats in an unknown manner secondary to stress and/or unidentified effects of horn ligation. Although care was taken to only ligate the uterine corpus, and not involve the mesometrial vasculature, which contains arteries, veins, and lymphatic vessels, some hemodynamic effect of surgery cannot be entirely excluded.
Another limitation was the lack of maternal serum data, such as maternal estrogen levels, that correlate with pregnancy well-being. Indeed, serum hormone levels may have correlated more strongly with many of the outcome measures reported in this observational study. Our data captured litter size, fetal resorption rates, and fetal and placenta mass in the absence of maternal complications and used this as a surrogate for pregnancy burden. We are unaware of any quantitative hormonal data available for the single-horn pregnant rat model to aid in our interpretation of our remodeling data.
Other confounding variables include litter size and fetal weight. Total litter size was 2.3 pups/litter larger in late-pregnant controls than in single-horn pregnant rats, which may have biased some animal-group comparisons because the systemic factors of pregnancy between these groups were assumed to be similar. The fetal weight and resorption data in the single-horn pregnant compared to late pregnant showed that the surgical model did not negatively affect pregnancy in these animals; in fact, average fetal weight was significantly greater in single-horn pregnant versus control animals for reasons that we do not understand. Furthermore, the observed increase in fetal weights in the single-horn pregnant group relative to control animals may have biased arterial measurements toward larger measurements due to likely increase placental blood flow per horn in these animals.
Compensatory Increase in Fecundity in the Single-horn Pregnant Model
At the same time, the single-horn pregnant model revealed a remarkable biological adaptation in terms of overall fecundity. Prior to carrying out this study, we fully expected the number of fetoplacental units in the implanted horn to approximate the number typically present in each horn of a control pregnant animal (7 to 8 pups). Instead, the average number was increased by almost 5 pups. This suggests that the cumulative pregnancy burden is somehow sensed and signaled at the time of implantation. In control animals, the number of pups in each horn is not always equal and may vary, but the total number is reasonably constant, and seldom exceeds 15 to 16 pups. In the single-horn pregnant, it appears that compensatory upregulation of ovulation and implantation occurred to increase the number of viable fetuses, but not quite to the number in an animal with 2 functioning horns. An alternative explanation is that ovulatory rates are similar, and that there may always be more implantations than are carried to term in each horn, but that the number is somehow reduced to equalize the number per horn, and to not exceed the reproductive capability of the rat in terms of both physically bearing and delivering her young, and providing sufficient nourishment by lactation after parturition.
